Activation and Differentiation of DP Thymocytes on Lipid Bilayers
In previous studies, the incubation of mature T cells on lipid bilayers containing pMHC complexes and ICAM-1 led to T cell proliferation (Grakoui et al., 1999). To address whether DP thymocytes would show functional responses in this system, we incubated N3.L2 or 3A9 DP These responses were antigen specific, as N3.L2 thymocytes responded to I-E k loaded with agonist peptide but not an irrelevant peptide (data not shown), and 3A9 CD4 and CD8 expression characteristic of CD4 ϩ SP thymocytes (Figure 2A ). This differentiation occurred on thymocytes responded to agonist pMHC complexes but not to an irrelevant MHC molecule (Figures 2A and 2B) . bilayers with specific pMHC and ICAM-1 but not with an irrelevant MHC ( Figure 2A ) or with ICAM-1 alone (data CD69 upregulation and CD4/CD8 dulling were not seen with ICAM-1 alone, and a minimal response was seen not shown). The SP thymocytes arising on lipid bilayers expressed high levels of CD69, CD5, and bcl-2, markers with the same concentration of antigen in the absence of ICAM-1 ( Figure 2B ). We also saw similar but weaker of positive selection, but did not upregulate TCR to levels found in SP thymocytes arising from positive seresponses with lower concentrations of antigen or when a weak agonist peptide was substituted for Hb 64-76 (data lection in vivo (data not shown). Hence, lipid bilayers containing pMHC and ICAM-1 cause DP thymocyte actinot shown).
These results suggested that DP thymocytes were vation and mediate early steps in positive selection but fail to induce negative selection. receiving a strong activating signal from antigen and ICAM-1 in the lipid bilayer; however, we found no evidence for increased cell death of DP thymocytes upon
Multifocal Synapses in DP Thymocytes
We asked whether the activation of DP thymocytes in activation, by forward/side scatter profiles, or by Annexin V staining (data not shown). On the contrary, the lipid bilayer system was accompanied by the formation of a mature immunological synapse. When 3A9 DP we found evidence for positive selection: after 48 hr of incubation of 3A9 DP thymocytes on lipid bilayers, a thymocytes were added to lipid bilayers containing I-A k / HEL and ICAM-1, the cells formed close contacts with significant portion of the cells acquired the pattern of ters of I-A k could be seen with some cells, which correlated with the ICAM-1 holes ( Figures 3A and 3C) .
The multifocal pattern of ICAM-1 accumulation was not unique to cells expressing the 3A9 TCR, because when N3.L2 thymocytes were added to lipid bilayers containing ICAM-1 and I-E k /Hb, the ICAM-1 pattern was indistinguishable from that seen with 3A9 ( Figure 3B ). We did not see accumulation of I-E k within the contact area with N3.L2 thymocytes, consistent with the low level of TCR on DP thymocytes. Our ability to detect I-A k but not I-E k clusters may be due to a higher mobility of the former in the lipid bilayer or to intrinsic differences in TCR-pMHC interactions in the two systems. When 3A9 or N3.L2 DP thymocytes were added to lipid bilayers containing only ICAM-1, the cells did not form close contacts like those shown in the IRM image ( Figure 3A) , demonstrating the antigen dependence of adhesion and patterning.
A striking feature of receptor patterning in thymocytes was its dynamic nature. The ICAM-1 holes and MHC clusters migrated within the contact area over a period of minutes, while the general multifocal pattern was maintained. This mobility can be seen as a difference in the positions of I-A k clusters in images of the same cell taken 2 min apart ( Figure 3C ). The ICAM-1 holes can be followed more closely in movies of a field of 3A9 DP thymocytes (see Supplemental Movie S1 at http:// www .immunity .com/cgi / content/ full/16 /6 /839 /DC1 ) or a single N3.L2 SP thymocyte forming a multifocal pattern (see Supplemental Movie S2 at the above URL). In contrast to these kinetic clusters in thymocyte synapses, the central I-E k accumulation (c-SMAC) in mature T cells synapses appeared to be fairly static (Grakoui et al., 1999). Highlighting this difference, we observed that with those SP thymocytes that formed a centralized, mature synapse (see below), the central ICAM-1 hole/ I-E k cluster was persistent and fairly immobile, whereas the coexisting peripheral ICAM-1 holes moved from minute to minute (see Supplemental Movie S3 at the stained spots within the cell contact corresponding to holes in the ICAM-1 fluorescence ( Figure 4A ). The ICAM-1 pattern was poorly preserved after fixation and the bilayer (the dark area in IRM images, Figure 3A) , and ICAM-1 and I-A k accumulated within the contact area permeabilization, but where ICAM-1 holes were visible, bright P-Tyr staining was consistently seen. The staining ( Figure 3A) . However, the pattern of these proteins was distinct from the target-shaped synapse seen in mature for P-Tyr was specific, inasmuch as staining of cells with an isotype control mAb yielded no fluorescence T cells: there were multiple, small ‫1ف(‬ m) areas of exclusion of ICAM-1 (i.e., holes, Figures 3A-3C) , and small clus-( Figure 4B ). There was also P-Tyr staining around the periphery of the cell contact ( Figure 4A) , and rim staining ylation in mature T cells reaches a maximum in the first several minutes of antigen engagement. This early peak was seen at focal planes several microns above the lipid bilayer (data not shown). Hence, P-Tyr staining apcorresponds temporally to the nascent immunological synapse, in which antigen engagement occurs at the peared to be associated with the plasma membrane over most of the cell, but was excluded from the ICAM-1 periphery or in dispersed clusters, before the formation of a c-SMAC (Lee et al., 2002) . In our system, we saw area of the lipid bilayer contact region and was slightly concentrated in the TCR foci. no change in MHC and ICAM-1 patterning at any time point, and we were therefore interested in whether the By its nature, the anti-P-Tyr antibody used here recognizes a wide variety of protein substrates; we were therelevel or pattern of tyrosine phosphorylation changed with time. We compared thymocytes that had been incufore interested in detecting signaling events that are more specifically associated with TCR-mediated activabated for 2 min or 1 hr on lipid bilayers and saw no obvious difference in the pattern or intensity of staining tion. To do this, we used an antibody that recognizes the tyrosine kinase Lck phosphorylated on tyrosine at for P-Tyr ( Figure 4B ). Hence, thymocyte activation in our bilayer system is associated with sustained tyrosine amino acid 394 and therefore detects the activated form of the enzyme ( between steps. 4G10 was used at 2 g/ml, anti-Lck at 7 g/ml, and The only effect of the mutation in the TCR of 3.L2 mice was to inhibit secondary antibodies at 4 g/ml. Images of P-Tyr and Lck staining the DN (CD4 Ϫ CD8 Ϫ ) to DP (CD4 ϩ CD8 ϩ ) thymocyte transition, such were obtained using the same plane of focus as the lipid bilayer. For that 3.L2 T cells expressed a second TCR␤ chain and did not develop surface staining of CD4, cells were fixed in 4% paraformaldehyde for in RAG-1-deficient mice, whereas N3.L2 TCR transgenic T cells 15 min, blocked for 20 min in 5% nonfat dry milk, and stained with developed normally in the absence of RAG-1. N3.L2 mice on a biotinylated anti-CD4, clone RM4-5 (BD Pharmingen), at 2.5 g/ml, B6.AKR (H-2 k ) background were used as a source of T cells and followed by streptavidin-Alexa546 (Molecular Probes) at 2 g/ml, isolated SP (CD4 ϩ ) and DN thymocytes. For a source of N3.L2 DP both for 30 min at room temperature in PBS. thymocytes, we used N3.L2, RAG-1-deficient, H-2 b mice bred as described above for 3A9. In both N3.L2 and 3A9 RAG-1-deficient Thymocyte Activation Assays H-2 b mice, thymocyte development appeared normal up to the DP Lipid bilayers were formed on 15 mm glass coverslips in 24-well stage, with total thymus cellularity of ‫01ف‬ 8 in 6-to 8-week-old mice, plates. I-E k was loaded with peptide for 24 hr in pH 5 buffer as but development did not proceed past the DP stage (see Figure 1) . described above. The bilayers were then washed, and thymocytes (1.5 ϫ 10 6 per well) were added in RPMI with 10% fetal calf serum. Thymocytes were incubated on bilayers for 24 or 48 hr at 37ЊC in Cell Preparation Single-cell preparations of thymocytes were made from thymi of 4-a tissue culture incubator. At the end of the incubation, thymocytes were recovered by pippetting, washed in FACS buffer (PBS with to 12-week-old mice. CD8 ϩ thymocytes were depleted from whole thymocyte preparations using MACS MicroBeads (Miltenyi Biotec, 0.5% BSA and 0.1% sodium azide), stained on ice with anti-CD4, 
